by a 3 to 10% perturbation in the local rotation rate in the outer few percent of the Sun (16) .
Finally, the Sun's mean hexadecapole shape amplitude is small (-0.1 T 0.4 milli-arc sec) but shows a hint of variability (21). This value is marginally correlated with the sunspot cycle with an amplitude of 2.1 T 2 milli-arc sec. The hexadecapole shape is also sensitive to the internal solar differential rotation, but if due only to rotation, it would require large changes (on the order of 50%) in the outer parts of the Sun (16) that are not consistent with the constant helioseismic rotation (20) and the constant oblateness. In contrast, solar-cycle changes in near-surface flows or magnetic stresses localized near midlatitudes could affect C 4 and not the oblateness.
11. We let L(r,q) be the observed LDF function from a binned satellite image. From this, we used the circular average mean LDF represented by G(r) to solve for a brightness function a(q) and the limb shape b(q). The binned LDF function was then expressed as L(r,q) = [a(q) + 1]G[r -b(q)], where a and b represent the mean limb brightness change and position around the limb. We then linearized this equation and solved it as a least-squares problem to find a and b. We obtained the function G(r) from the binned intensity of limb pixels, whereas we iterated the solution for b(q) so that G(r) was adjusted at each iteration by correcting the limb-pixel binning by shifting pixels by the local b(q) from the previous iteration. This was done for each of the typically 13,000 images obtained during an SDO spacecraft roll. After two iterations, the solution was stable to better than 5%. 12. J. Schou et al., Sol. Phys. 275, 229 (2012). 13 . Figure S1 shows that the analysis recovers the limb shape, independent of any limb brightness variations. Figure S2 shows that independent simultaneous HMI solar-limb shape and brightness measurements agree on all angular scales and that the limb position and brightness measurements are dominated by solar atmosphere inhomogeneity and its global asphericity. 14. R. J. Bray, R. E. Loughheed, Sunspots (Wiley, New York, 1965). 15. Figure S3 shows A n overarching goal in the development of nearly any new class of electronics is to achieve high-performance operation in physical forms that undergo negligible change with time. Active and passive materials, device and circuit layouts, and packaging strategies are each formulated individually and then configured collectively to accomplish this outcome. Here we present concepts and strategies for electronics that involve similar attention to engineering designs, but with the goal of achieving systems that physically disappear at prescribed times and at controlled rates. Applications that could exploit this transient behavior include implantable medical diagnostic and therapeutic devices that resorb in the body to avoid adverse long-term effects, fieldable environmental sensors that dissolve to eliminate the need for their retrieval, and portable consumer devices that decompose to minimize the costs and health risks associated with recycling and the management of hazardous waste streams. For these three examples, the desired time scales for transience range from days or weeks, to months, to years, respectively. The approaches reported here can address these and other application concepts with circuit components whose operational characteristics match those of nontransient counterparts formed in the usual way on silicon wafer substrates. When combined with transient sensors, actuators, power supplies, and wireless control systems, this technology provides levels of function that substantially exceed those available with recently reported forms of organic electronics, in which certain constituent materials are watersoluble (1-3), or with simple nontransient transistors formed on bioresorbable substrates (4) . Figure 1 , A and B, and fig. S1 provide images and schematic diagrams of a demonstration platform. All of the components, ranging from the inductors, capacitors, resistors, diodes, transistors, interconnects, and crossovers, to the substrate and encapsulation, disintegrate and dissolve when immersed in deionized (DI) water (Fig. 1C) . This example uses magnesium (Mg) for the conductors, magnesium oxide (MgO) (silicon dioxide, SiO 2 , is also possible) for the dielectrics, monocrystalline silicon (Si) nanomembranes (NMs) for the semiconductors, and silk (which is watersoluble and enzymatically degradable) (4, 5) for the substrate and packaging material. The fabrication of systems such as this one involves a combination of transfer printing (Si NMs) (6), physical vapor deposition through fine-line stencil masks (Mg, MgO, and SiO 2 ), and solution-casting (silk). More details on sample preparation can be found in (6) . As adhesion promoters for Mg, we used MgO in certain cases and ultrathin layers of Ti in others. Device yields without the Ti are 70 tõ 80% with evaporated Mg and >90% with sputtered Mg.
The chemical reactions responsible for the dissolution of each material appear in Fig. 1D . The Si NMs and layers of SiO 2 are particularly important because of their essential roles in highperformance transistors, diodes, photodetectors, solar cells, temperature sensors, strain gauges, and other semiconductor devices. The NM geometry is critical because it enables high-performance devices and planar architectures, minimizes the amount of material that must be consumed during the transient step, and provides mechanics and processing options that are favorable for heterogeneous integration onto substrates such as silk (4), as well as elastomers that can provide modulus-matched interfaces with the body (7). A typical transistor described here requires less than~1 mg of Si, which can be dissolved in as little as 30 ml of biofluid (8) . Figure 2A presents atomic force micrographs of a Si NM (3 × 3 mm) with a thickness of 70 nm, collected at different stages of dissolution in phosphate-buffered saline (PBS; pH of 7.4) at 37°C, to simulate transience by bioresorption (see figs. S2 and S3A for additional data). The dissolution involves hydrolysis to form Si(OH) 4 (9), according to Si + 4 H 2 O ↔ Si(OH) 4 + 2 H 2 , where SiO 2 can sometimes be involved as an intermediate (10) . The simplest model of the kinetics, which depends strongly on pH, considers a constant reaction rate at the water/Si NM interface (11) . The results capture experimental observations at both body temperature (37°C) (Fig. 2C ) and room temperature (25°C) ( fig. S3A ) for a dissolution rate of 4.5 nm/day and 2 nm/day, respectively, consistent with Arrhenius scaling (12) .
Mechanisms involving diffusion into the materials can be important for Mg and MgO deposited by electron-beam evaporation and SiO 2 formed by chemical vapor deposition, or as an intermediate in the hydrolysis of Si. In such cases, the kinetics can be described analytically using models of reactive diffusion (Fig. 2B) (6) . The results quantitatively account for related behaviors in other materials for transient electronics, including those in Fig. 1 (6) . Figure 2D presents a meander trace of Mg (150 nm) on a thin film of MgO (10 nm; adhesion promoter), in which the measured changes in resistance correlate well with those expected based on computed changes in thickness (Fig. 2E and fig. S4 , A and B) (6) . (Other examples appear in fig. S5 .) This result connects a key electrical property to models of reactive diffusion, thereby suggesting the capacity to use such analytics in conjunction with established circuit simulators as a comprehensive design approach. The transience times for NM-based electronic components can be extended, in controlled amounts, by adding transient encapsulating layers and packaging materials; they can be reduced by decreasing the critical dimensions or by physically structuring the materials in a way that accelerates dissolution by disintegration ( fig. S6 ). Figure 2E and fig. S4 show results of measured transience in a serpentine resistor of Mg, encapsulated with different thicknesses of MgO and with combinations of MgO and overcoats of silk. Corresponding modeling results are also shown in (6) . Silk is attractive for this purpose because its solubility in water can be programmed, over several orders of magnitude, through the control of crystallinity (5, 13) . Other biodegradable polymers can also be used, as shown in fig. S7 .
Studies of transience at the device level are also important. Figure 2F shows examples of metal oxide semiconductor field-effect transistors (MOSFETs) formed using Si NMs, SiO 2 gate dielectrics, and Mg electrodes, with encapsulating layers of MgO and crystallized silk. The devices show two-stage kinetics in their functional transience. Immersion in DI water for up to~90 hours causes negligible change in key device characteristics. Functional degradation then occurs in a relatively narrow time interval after this period of stable operation. The encapsulation defines the first time scale; the Mg electrodes define the second. The results demonstrate that the transience time can be engineered in a way that is decoupled from system-or device-level function.
These materials, fabrication techniques, and modeling tools can yield components for almost any type of transient electronic system, in CMOS designs. Figure 3 presents several examples, including additional details on MOSFETs similar to those in Fig. 2F , where both n-and p-channel operation is possible. The resulting electrical properties for an n-channel device include saturation and linear regime mobilities of 560 cm 
on Si-on-insulator (SOI) wafers (14) . [For the range of channel lengths investigated, contact resistances do not limit performance ( fig. S8 ).] In all cases, the transience times of different elements in an integrated system can be controlled by use of varied thicknesses and/or stack compositions, or even via combination with nontransient materials. This last possibility is shown in a logic gate (inverter) in the righthand panels of Fig. 3, C and D , where a nontransient metal (Au) serves as source, drain, and gate electrodes for two transistors joined by transient Mg interconnects.
Many other classes of semiconductor devices and passive components are possible, with examples in Fig. 3 and figs. S9 and S10. The resistors and diodes can serve as temperature sensors; the latter can also be used in photodetectors and solar cells, as shown in Fig. 3 and fig. S10 . The Si NM diode and Mg resistive temperature sensors show sensitivities of -2.23 mV/°C (change in voltage for a given current output) and 0.23%/°C (percentage change in resistance), both of which are consistent with the behavior of conventional, nontransient devices (15) . Ultrathin Si solar cells (~3 mm thick) provide fill factors of 66% and overall power conversion efficiencies of~3%, even without light-trapping structures, backside reflectors, or antireflection coatings. Doped Si NMs can serve as strain gauges (Fig. 3E, left) , with gauge factors of nearly~40 (Fig. 3F, left,  and fig. S10B ), which are comparable to those of state-of-the art devices (16) . As an example of interconnected components, we built a transient digital imaging system, consisting of collections of Si NM photodiodes with blocking diodes for passive matrix addressing (Fig. 3E,  right) , capable of capturing pictures when operated in a scanned mode (Fig. 3F, right, and  fig. S10D ). (See more details on device dimensions in fig. S11 .) The yield here is >90% [i.e., 58 out of 64 pixels were fully functional ( fig. S12) fig. S9 as wireless antennas for near-field mutual inductance coupling to separately powered, external primary coils. This option is interesting for implantable devices (4), made possible by the biocompatibility of the constituent materials (Fig. 1) , as established in unrelated contexts (6) .
To demonstrate opportunities, we conducted a series of in vivo and in vitro experiments. Various representative transient devices were fabricated, sealed in silk packages, sterilized with ethylene oxide, and then implanted in the subdermal region of BALB/c mice in accordance with Institutional Animal Care and Use Committee protocols. Figure 4A shows the case of the platform in Fig. 1 . Examination after 3 weeks (Fig. 4B, left) revealed only faint residues, with evidence of slow reintegration into the subdermal layers, along with apparent revascularization. The histological section in Fig. 4B (right) shows the subdermal layer (A), the silk film (B), and the muscle layer (C) and reveals no significant inflammatory reactions. Additional analysis appears in fig. S13 .
Inductive coils of Mg combined with resistive microheaters of doped Si NMs, integrated on silk substrates and housed in silk packages, can provide transient thermal therapy to control surgical site infections (17, 18) as a nonantibiotic, programmable bacteriocidal appliqué that disappears as the patient moves beyond the period of greatest risk. In vitro tests demonstrate the efficacy of this approach (6) . Figure 4 , C and D, present a metamaterial rf antenna, as a generalized component for such a device, capable of continuous wireless monitoring after implantation. The data indicate transient behavior associated with the slow diffusion of biofluids through the edges of the silk package, with a measured quality (Q) factor that has time dependence consistent with theoretical models (6) . Figure 4E shows an image of a functional device formed on glass that includes two coils with different resonance frequencies (~70 and~140 MHz) and three separate heaters. Wirelessly operating either or both of these coils with appropriate frequencies and power levels applied to a separate primary coil enables full control of the system, as illustrated in the thermal image in the inset. (See figs. S14 to S16 for other examples.) To illustrate in vivo functionality, a fully transient version of this device was implanted under the skin of a Sprague-Dawley rat (Fig. 4F) . Inductive coupling through the skin generates a localized temperature increase of DT~5°C (Fig. 4G) , coincident with the position of the heater. The functional transience has a time scale of 15 days, chosen via the crystallinity of the silk, to coincide with the most critical period, which is the first few days after an operation, to sterilize and maintain asepsis at the wound site. After this time, the device disappears, leaving only remnants of silk, which resorb on longer time scales, to eliminate the longterm burden associated with additional exogenous implant material.
Concepts reported here establish a baseline of materials, modeling approaches, manufacturing schemes, and device designs for transient electronic systems, sensors, actuators, and power supplies. The Si NMs are critically important elements, because their use enables sophisticated semiconductor components with both active and passive functionality. For the dielectrics and conductors, additional possibilities range from collagen to poly(lactic-co-glycolic acid) and from iron to zinc, respectively. Alternative modes of transience include absorption, corrosion, and depolymerization. The rates for these processes could, conceivably, be adjustable in real time and/or sensitive to the properties of the surrounding environment, determined by chemical or biological events, or changes in temperature, pressure, or light. Combining such possibilities in transience with ideas in soft, tissuelike electronics will further expand opportunities for applications in biomedical devices (7) .
